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Crosstalk between Nitric Oxide and Zinc Pathways
to Neuronal Cell Death Involving Mitochondrial
Dysfunction and p38-Activated K Channels
NO contributes to a wide variety of physiological and
pathological processes, including stroke and neuro-
degenerative disorders such as Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis, epilepsy, and
HIV-associated dementia (Dawson et al., 1991, 1994;
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La Jolla, California 92037 I of the respiratory chain (Radi et al., 1994; Brorson et
al., 1999; Ghatan et al., 2000; Riobo et al., 2001). After
fulminant exposure to NO/ONOO, neurons die by ne-
Summary crosis (Bonfoco et al., 1995). In contrast, after mild NO/
ONOO insult, neurons die by apoptosis, morphologi-
Nitric oxide (NO) and zinc (Zn2) are implicated in the cally characterized by cell shrinkage, membrane bleb-
pathogenesis of cerebral ischemia and neurodegener- bing, chromatin condensation, and fragmentation (Bon-
ative diseases. However, their relationship and the mo- foco et al., 1995; Budd et al., 2000).
lecular mechanism of their neurotoxic effects remain Zn2 has been implicated in neuronal cell death in
unclear. Here we show that addition of exogenous
stroke, traumatic brain damage, and Alzheimer’s dis-
NO or NMDA (to increase endogenous NO) leads to
ease (Koh et al., 1996; Bush et al., 1994). Increases in
peroxynitrite (ONOO) formation and consequent Zn2
intracellular Zn2 of0.1 M have been reported during
release from intracellular stores in cerebrocortical
cerebral ischemia, prolonged seizures, and traumaticneurons. Free Zn2 in turn induces respiratory block,
brain injuries using low-affinity dyes that are capable ofmitochondrial permeability transition (mPT), cytochrome
detecting such changes (Choi et al., 1988; Koh and Choi,c release, generation of reactive oxygen species (ROS),
1994; Koh et al., 1996; Weiss et al., 2000; K. Kikuchi,and p38 MAP kinase activation. This pathway leads to
personal communication). Nevertheless, the details ofcaspase-independent K efflux with cell volume loss
the mechanism that accounts for the increase in cyto-and apoptotic-like death. Moreover, Zn2 chelators,
plasmic Zn2 is not precisely known, although modelsROS scavengers, Bcl-xL, dominant-interfering p38, or
have been proposed. One view states that Zn2 tra-K channel blockers all attenuate NO-induced K ef-
verses the extracellular space, for example from presyn-flux, cell volume loss, and neuronal apoptosis. Thus,
aptic stores (Sensi et al., 1999; Suh et al., 2000). How-these data establish a new form of crosstalk between
ever, mice that lack presynaptic Zn2 stores still exhibitNO and Zn2 apoptotic signal transduction pathways
elevated intracellular Zn2 levels after sustained seizuresthat may contribute to neurodegeneration.
(Lee et al., 2000). Another view is that Zn2 is released
from intracellular stores (Aizenman et al., 2000), and weIntroduction
propose here that this release occurs in neurons via an
NO/ONOO-mediated pathway.In vivo rodent models of stroke have implicated both
To decipher molecular details of potential crosstalkNO and Zn2 in neuronal cell death. For example, work
between NO and Zn2 death pathways during cerebralby the Moskowitz group showed that inhibition or knock-
ischemia and neurodegenerative insults, we used cereb-out of neuronal NO synthase (nNOS), which limits the
rocortical cultures. Here we show that NO/ONOOgeneration of NO, produces smaller cerebral infarcts
evokes release of intracellular Zn2, which in turn ampli-(Huang et al., 1994). Additionally, Choi and colleagues
fies production of O2 by causing mitochondrial dys-showed that chelation of free Zn2 reduces stroke dam-
function and hence further generation of ONOO. Thisage after global cerebral ischemia (Koh et al., 1996).
step leads to activation of voltage-gated K channelsWhile NO and Zn2 may contribute to cell death via a
variety of intracellular cascades, heretofore no study via p38 mitogen-activated protein kinase (MAPK), con-
has convincingly shown a connection between these sequent cell shrinkage, and subsequent apoptosis. In-
pathways in neurons. terestingly, these events can be triggered by pathophys-
iologically relevant stimulation of NMDARs and are
largely caspase independent, thus representing a novel*Correspondence: ebossy-wetzel@burnham.org (E.B.-W.), slipton@
burnham.org (S.A.L.) intracellular signaling pathway to neuronal cell death.
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Results cellular Zn2 by cell-impermeable Ca2-EDTA (1 mM)
had no effect on the increase in Newport green fluores-
NO Triggers Release of Zn2 from Intracellular cence evoked by NO (data not shown). Thus, the in-
Stores, an Effect Blocked by Oxygen Free crease in free intracellular Zn2 originates most likely
Radical Scavengers via release from intracellular stores.
Work by several groups has indicated that NO (after To verify these results and monitor their temporal pat-
reaction with O2 to form ONOO) releases Zn2 from tern more closely, we used a new, highly Zn2-specific
intracellular stores, where it is normally bound to the fluorescent probe, Rhod-Zin3 AM (Sensi et al., 2003),
cysteine-rich protein, metallothionein (MT) (Berendji et because it manifests rapid response kinetics. We de-
al., 1997; Cuajungco and Lees, 1998; Maret and Vallee, tected an increase in Rhod-Zin3 fluorescence within 10
1998; Aravindakumar et al., 1999). To test the potential min of NO addition (Figure 1C). Early on, the pattern of
pathophysiological role of this finding in neurodegenera- Rhod-Zin3 was punctate, supporting a mitochondrial
tion, we investigated whether application of the NO do- location of Zn2. Importantly, the cell-permeable, spe-
nor, S-nitrosocysteine (SNOC), could trigger release of cific Zn2 chelator, NNN’N-tetrakis(2-pyridylmethyl)eth-
toxic levels of Zn2 from intracellular stores in primary ylenediamine (TPEN) reversed the increase in Rhod-Zin3
cerebrocortical neurons (identification of neurons was fluorescence (Figure 1C). These findings, in conjunction
verified by NeuN staining; see Experimental Proce- with control experiments with other Zn2 binding dyes
dures). To monitor free intracellular Zn2 concentration, (Aizenman et al., 2000; Dineley et al., 2002), all suggest
as well as its effect on depolarization of the mitochon- that we were observing changes in Zn2 rather than
drial membrane potential (m) and neuronal cell viabil- another ion under these conditions. In summary, we
ity, we simultaneously labeled neurons with Newport detected an increase in Rhod-Zin3 fluorescence within
green, tetramethylrhodamine-methylester perchlorate minutes of NO exposure but evidence for cell death only
(TMRM), and Hoechst 33342, respectively. Newport after many hours.
green is a Zn2-selective (but relatively Ca2-insensitive) To determine whether the effect on Zn2 release was
fluorescent indicator. TMRM incorporates into the mito- mediated by ONOO (via reaction of NO with endoge-
chondrial matrix driven by an electrochemical gradient nous ROS) rather than NO alone, cortical cultures were
following a strict Nernstian distribution, and is thus a pretreated with the O2 scavengers Cu, Zn superoxide
direct measure of m. When m dissipates, TMRM is dismutase (SOD), or MnIIItetrakis(4)benzoic acid por-
no longer retained by mitochondria. Hoechst 33342 is phyrin chloride (MnTBAP). These pretreatments mark-
a fluorescent dye that labels chromatin and thus allows edly decreased the percentage of NO-induced Newport
one to detect chromatin condensation and fragmenta- green-positive neurons, consistent with the notion that
tion linked to apoptotic cell death. Using these dyes, ONOO rather than NO itself was responsible for Zn2
3D images of fluorescent signals of living neurons were release from intracellular stores (Figure 1D).
obtained under deconvolution microscopy.
Control neurons exhibited low background Newport NMDA Triggers Intracellular Zn2 Release
green fluorescence (green), high TMRM fluorescence with Consequent Neuronal Cell Death
(red), and normal chromatin staining by Hoechst 33342
via Generation of NO
(blue) (Figure 1A, left panel). In contrast, following NO
NMDAR activation results in endogenous NO synthesis
insult, neurons manifested a dramatic increase in New-
(Bredt et al., 1990; Dawson et al., 1991). To establishport green fluorescence, lower TMRM fluorescence,
whether our findings with exogenously added NO do-and, at later time points, bright/condensed Hoechst
nors are of pathophysiological relevance, we tested the33342 fluorescence (Figure 1A, right panel). These three
effects of a cytotoxic NMDA insult on intracellular Zn2fluorescent events reflected release of Zn2 from intra-
homeostasis, mimicking conditions that occur in cere-cellular stores, depolarization of m, and chromatin
bral ischemia (Koh et al., 1996). NMDA exposure resultedcondensation, respectively. To illustrate the greatest
in an increase in Newport green-positive cells that waschanges in Newport green and TMRM fluorescence, we
further enhanced by L-Arginine, a NOS substrate, butimaged 3–6 hr after NO exposure, while chromatin con-
abolished by L-Nitro-Arginine, a NOS inhibitor (Figuredensation appeared predominantly at time points 12
1E). Additionally, under these conditions NMDA-inducedhr. While in some neurons morphological features of
cell death was enhanced by L-Arginine but significantlycell death began to appear sooner, e.g., at 6 hr, the
reduced by L-Nitro-Arginine or the oxygen free radicalpredominant wave of neuronal death under these condi-
scavenger MnTBAP (Figure 1E).tions occurred hours later (Bonfoco et al., 1995; Budd
A potential concern, however, is whether Newportet al., 2000).
green can distinguish Ca2 influx due to NMDA exposureMost neurons exposed to NO exhibited cytoplasmic
from the presumed Zn2 signal. Therefore, we used theNewport green fluorescence. However, shortly after NO
new, highly Zn2-specific fluorescent dye Rhod-Zin3,exposure, neurons often displayed a transitory punctate
which is not sensitive to Ca2 even at millimolar levels,pattern of Newport green staining that superimposed
to verify these results and monitor the temporal increaseon the TMRM signal, indicating a mitochondrial location
in intracellular Zn2 in response to NMDA. We detected(Figure 1B). These findings suggest that free cyto-
an increase in Zn2 within 10 min of NMDA exposureplasmic Zn2 is taken up by mitochondria. Another Zn2
(Figure 1F, left panels). This increase was abolishedindicator, N-(6-methoxy-8-quinolyl)p-toluenesulfonamide
when cultures were pretreated with MnTBAP (Figure 1F,(TSQ), yielded similar results (data not shown), making
right panels), further supporting the notion that a freeit unlikely that another metal ion was being detected
under these conditions. Additionally, chelation of extra- radical pathway, as postulated above, participates in
Figure 1. Release of Free Zn2 from Intracellular Stores by Exogenous and Endogenous NO
(A) Cerebrocortical cultures were untreated (left panel) or exposed to 150 M SNOC (right panel) and stained 6 hr later with Newport green
(green), TMRM (red), and Hoechst 33342 (blue).
(B) In a number of SNOC-exposed neurons, Newport green localized to mitochondria, indicated by supermposed TMRM signal.
(C) Neuronal cultures were loaded with Rhod-Zin3 AM (4 M) in imaging buffer and exposed to SNOC (200 M). Rhod-Zin3 fluorescence was
monitored over time at RT. TPEN (20 M) was added 30 min after SNOC exposure, and Rhod-Zin3 fluorescence was measured after an
additional 30 min.
(D) MnTBAP (50 M) or SOD (50 U/ml) abolished the increase in Newport green-positive neurons after exposure to SNOC (values are mean 
SEM; *p  0.001 by ANOVA).
(E) NMDA (50 M for 20 min) increased the number of Newport green-positive cells; this was further increased by L-Arginine (1 mM) and
dramatically inhibited by L-Nitro-Arginine (1 mM) or MnTBAP (50 M) (*p  0.003 compared to NMDAL-Arg by ANOVA). NMDA-induced cell
death, measured by the number of apoptotic nuclei with condensed chromatin, was enhanced by L-Arginine but attenuated by L-Nitro-Arginine
or MnTBAP (*p  0.002 compared to NMDAL-Arg by ANOVA).
(F) Neuronal cultures were loaded with Rhod-Zin3 AM in the presence or absence of MnTBAP (20 M) for 30 min and then exposed to NMDA
(150 M). Rhod-Zin3 fluorescence was monitored over time at RT.
(G) Neuronal cultures were preincubated with TPEN (10 nM) for 20 min and then exposed to either 50 or 150 M NMDA for 20 min. The
percentage of surviving neurons was assessed 8 hr later. Neurons were identified by anti-MAP-2 staining, and apoptotic nuclei were identified
morphologically with Hoechst (*p  0.03, **p  0.02 by Student’s t test).
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the release of intracellular Zn2 during NMDAR overacti- Release of cytochrome c from mitochondria consti-
tutes a critical step leading to apoptosis (Liu et al., 1996).vation.
Additionally, Zn2 chelation by TPEN (10 nM) signifi- We found that Zn2 (1–10 M) induced cytochrome c
release from isolated mitochondria in a time- and con-cantly increased neuronal survival in the face of an
NMDA insult (Figure 1G). These data are in agreement centration-dependent manner (Figure 2D). Moreover,
this event was partially blocked by addition of recombi-with published results showing that Zn2 chelation by
MT-III attenuates excitotoxic neuronal death (Montoliu nant Bcl-xL or mPT inhibitors (bongkrekic acid and
cyclosporine A).et al., 2000). Taken together, our results suggest that
endogenous NO/ONOO produced by excessive NMDAR Zn2-mediated uncoupling of the respiratory chain is
likely to result in accumulation of mitochondrial ROSactivation evokes a pathological increase in intracellu-
lar Zn2. production. To test this possibility, we used Amplex Red
reagent (10-acetyl-3-7, dihydroxyphenoxine), which in
the presence of horseradish peroxidase reacts withZn2 Inhibits Mitochondrial Function
available H2O2 to generate the highly fluorescent prod-How free intracellular Zn2 mediates its neurotoxic ef-
uct, resofurin. This assay revealed that 10 M Zn2 in-fects is incompletely understood. Mitochondria might
duced a dramatic increase in peroxides in isolated mito-be a target for the cytotoxic effects of Zn2 (Sensi et al.,
chondria, similar to the effect of rotenone, an inhibitor1999; Jiang et al., 2001). To investigate more directly
of respiratory complex I (Figure 2E). These data suggestthe biochemical effects of Zn2 on mitochondria, a cell-
that Zn2 produces mitochondrial dysfunction, resultingfree system with isolated mitochondria was employed.
in respiratory block, release of cytochrome c, mPT, andFirst, we measured the effects of Zn2 on respiration.
ROS production.Oxygen consumption of isolated mitochondria was
measured with a Clark electrode. Addition of ADP to
NO/ONOO Increases Mitochondrial ROScontrol mitochondria resulted in state 3 respiration, re-
Production in Intact Neuronsflecting ATP synthesis signified by an increase in oxygen
Next, we determined in intact neurons whether exposureconsumption. A return to state 4 respiration, signaled
to exogenous NO would similarly increase ROS produc-by a slowing in oxygen consumption, occurred after
tion by mitochondria. Hydroethidine is oxidized only byADP was converted to ATP (Figure 2A). Remarkably, the
mitochondrial ROS to produce the highly fluorescentpresence of relatively low Zn2 concentrations resulted
product ethidine (Bindokas et al., 1996). Control neu-in a substantial block of respiration (18% block at 0.1
ronal cultures revealed only low ethidine fluorescence.M Zn2 and 70% block at 1 M Zn2). These data
In contrast, beginning within minutes of exposure to NOindicate that Zn2 inhibits the respiratory chain.
and lasting for several hours, neurons displayed highCa2 overload of mitochondria induces mitochondrial
ethidine fluorescence, indicating increased mitochon-permeability transition (mPT) (Budd et al., 2000; Kroemer
drial ROS (Figure 3A). Furthermore, neurons that re-and Reed, 2000). Therefore, we asked if Zn2, similar
leased Zn2 from intracellular stores in response to NOto Ca2 overload, could result in mPT manifest by the
also accumulated ROS, as evidenced by overlappingopening of a large multiprotein pore complex that spans
signals for Newport green and ethidine fluorescencethe inner and outer mitochondrial membrane. When this
(Figure 3B).pore opens, mitochondria are thought to become per-
NO or ONOOhas been reported to lead to the genera-meable to solvents and water, resulting in matrix swell-
tion of ROS via direct, damaging actions on mitochon-ing, outer mitochondrial membrane cracks, and loss of
dria (Radi et al., 1994; Brorson et al., 1999; Riobo et al.,m. To investigate this possibility, we measured effects
2001). We demonstrated that exposure to NO/ONOOof Zn2 on mitochondria using two assays. First, we
also resulted in release of intracellular Zn2 with conse-assessed mitochondrial swelling, which is associated
quent mPT. Hence, we next investigated whether in-with mPT, by a decrease in absorbance at 520 nm (Budd
creased ROS production in intact neurons was due, atet al., 2000). We found that Zn2 elicited mitochondrial
least in part, to release of free Zn2 from intracellularswelling, as did Ca2 and Valinomycin, a K ionophore
stores and induction of mPT. For this purpose, primaryused here as positive control (Figure 2B). Second, elec-
neuronal cultures were pretreated with a Zn2 chelatortron microscope (EM) tomography was performed to
(TPEN), mPT inhibitor (CsA), or O2 scavenger (SOD andexplore the effects of Zn2 and Ca2 on mitochondrial
MnTBAP) prior to exposure to NO. Each of these agentsultrastructure. Exposure to 10M Zn2 resulted in swell-
decreased the percentage of neurons manifesting highing of the mitochondrial matrix, with clustering of the
ethidine fluorescence in response to NO (Figure 3C). Ascristae along the periphery (Figure 2C, a–c). Similar ef-
a control, TPEN itself had no effect on baseline ROSfects were observed after exposure to 10 M Ca2, ex-
production. These results suggest that Zn2 release bycept that tears in the outer and inner mitochondrial mem-
ONOO accounts, at least in part, for mitochondrialbrane also occasionally occurred (Figure 2C, d–f). In
damage and subsequent ROS formation.contrast, control mitochondria showed compact cristae
structures and no signs of matrix swelling (Figure 2C,
g–i). Notably, in contrast to exposure to Zn2 or Ca2, Activation of p38 MAPK via a Pathway Involving
Zn2, Mitochondrial Dysfunction,the cristae in control mitochondria occupied a large
portion of the mitochondrial volume. In summary, these and ROS Production
In nonneuronal tissues, ONOO formed, for example,findings suggest that Zn2, like Ca2, induces mPT with
swelling and other structural changes in the mito- from reaction of mitochondrial O2 with NO, is known to
oxidize p38 MAPK, thereby leading to its auto-activationchondria.
Figure 2. Effects of Zn2 on Isolated Mitochondria
(A) Zn2 blocks mitochondrial respiration. Oxygen consumption of isolated mitochondria in the presence of succinate (5 mM) was measured
with a Clark electrode after repeated application of ADP (200 nM; addition indicated by arrows). Zn2 was present in indicated traces.
(B) Mitochondrial swelling in response to Zn2, Ca2, or valinomycin (Val.) assessed by a decrease in absorbance at 520 nm.
(C) Tomographic analysis of mitochondrial volumes demonstrating the ultrastructural correlates of mPT in response to Zn2 or Ca2. (a)
Representative slice from one of 14 mitochondria analyzed by 3D reconstruction after exposure to Zn2. Matrix swelling was observed,
indicated by the transparent nature of the matrix and the central area devoid of cristae (*). (b and c) Orthogonal views after segmentation of
the outer and inner mitochondrial membranes. The outer mitochondrial membrane is shown in blue and the inner mitochondrial membrane
cristae are shown in various colors. Scale bar represents 200 nm. (d) Representative slice from one of seven mitochondria analyzed by 3D
reconstruction after exposure to Ca2. Mitochondrial outer and inner membranes were ruptured (arrow). Some of the peripheral membranes
were still tethered. (e and f) Orthogonal views after segmentation of the outer and inner membranes. Only the top portions of the peripheral
membranes remained tethered, whereas a large crack extended along most of the mitochondrion (arrow in e). A small cristae is shown near
the crack. A small bleb of the outer membrane is seen along the bottom of e (arrowhead). (g) Slice through a control 3D reconstructed
mitochondrion. The mitochondrial matrix was dark, indicating absence of matrix swelling. The majority of the mitochondria were in a condensed
state, typical for isolated mitochondria. Two large cristae are indicated (*). (h and i) Orthogonal views after segmentation of inner and outer
membranes. Cristae occupied a large portion of the volume (10 representative cristae are displayed). Movie of tomographic images can be
viewed online in the Supplemental Data at http://www.neuron.org/cgi/content/full/41/3/351/DC1.
(D) Release of cytochrome c from isolated mitochondria in response to 1 or 10 M Zn2 at 37C (upper two immunoblots). Recombinant Bcl-
xL decreased Zn2-evoked cytochrome c release. Bongkrekic acid (BA, 50 M) or cyclosporine A (CsA, 1 M) also attenuated Zn2-induced
cytochrome c release (lower immunoblot).
(E) Zn2-induced increases in H2O2 production measured with Amplex Red and horseradish peroxidase. The addition of mitochondria is
indicated by the first arrow; the second arrow indicates the time of either Zn2 (10 M) or rotenone (500 M) administration.
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Figure 3. ROS Production in Intact Neurons in Response to NO
(A) ROS generation was monitored by ethidine (Eth) staining in control neuronal cultures or 6 hr after exposure to SNOC (150 M).
(B) Newport green fluorescence overlapped with Eth staining in neurons following NO exposure. Hoechst 33342 was added to monitor
chromatin condensation. Arrows indicate dying neurons.
(C) The percentage of cells displaying high Eth fluorescence decreased after pretreatment with TPEN (10 nM), CsA (1 M), MnTBAP (50 M),
or SOD (50 U/ml). Values are mean  SEM (*p  0.001 by ANOVA).
(Schieke et al., 1999). Although p38 has been reported apoptosis remains unclear. Studies on leukocytes and
various cell lines undergoing apoptosis have shown thatto be a critical component of NO-induced neurotoxicity
(Ghatan et al., 2000), the downstream targets of its pro- loss of intracellular monovalent ions, in particular K,
leads to osmotically driven cell shrinkage (Beauvais etapoptotic effects remain largely unknown. Therefore,
we examined whether p38 MAPK could be activated by al., 1995; Hughes et al., 1997; Bortner et al., 1997; Maeno
et al., 2000). Similarly, loss of intracellular K plays aNO in cerebrocortical neurons, and, if so, what down-
stream events resulted from this activation. We found role in neuronal apoptotic cell death (Yu, 2003).
that p38 phosphorylation was rapidly (within 15 min) but To determine whether NO triggers a loss in intracellu-
transiently induced after exposure to NO, as assessed lar K in a temporal sequence capable of accounting
by immunoblotting with anti-phospho-(Tyr 180/Tyr 182)- for neuronal shrinkage during apoptosis, we monitored
p38 specific antibodies (Figure 4A). To confirm that neu- intracellular K concentration of single neurons after NO
rons and not other cell types in our mixed neuronal/ insult using potassium-benzofuran isophthalate (PBFI-
glial cultures manifested this increase in phospho-p38, AM), a ratiometric K-selective fluorescent indicator un-
immunocytochemistry showed coincident labeling der time-lapse video deconvolution microscopy (Figure
between neuronal-specific antimicrotubule associated 5A). K was initially high in cell bodies and proximal
protein-2 (MAP-2) and anti-phospho-p38 (Figure 4B). regions of neuronal processes. The onset of K loss
We next tested whether NO-induced increases in p38 was stochastic in individual neurons, first detected
activity occurred because of liberated Zn2, induction within 60 min of NO exposure, and progressed there-
of mPT, and consequent ROS production. Addition of after. A decrease in K was first noted in distal neurites
TPEN, BA, or SOD all significantly abrogated the in- prior to any morphological signs of apoptosis. Subse-
crease in p38 MAPK activity (Figure 4C). These data quently, K loss was observed in neuronal cell bodies
strongly suggest that NO-induced p38 activation occurs and proximal neurites and correlated with cell shrinkage
via a pathway involving free Zn2, mitochondrial dys- and membrane blebbing. Once initiated, K efflux was
function, and ROS formation. The finding that O2 is relatively rapid and complete within 17 to 20 min. These
mandatory for p38 activation by NO (since SOD, which data are consistent with the notion that K efflux and
metabolizes O2, totally abolished the activity) is consis- cell shrinkage are early events in NO-mediated cell dam-
tent with the notion that ONOO is necessary for activa- age and death. The fact that MnTBAP (scavenging O2)
tion rather than NO alone (Beckman et al., 1990; Lipton inhibited K efflux triggered by NO suggested that
et al., 1993; Schieke et al., 1999). ONOO was the initiating species rather than NO itself
(Figure 5B). In contrast, zVAD-fmk, a broad-spectrum
caspase inhibitor, failed to prevent NO/ONOO-evokedNO/ONOO Initiates Early K Efflux, Cell
Shrinkage, and Enhancement of K Current K efflux, suggesting that K loss is independent of
caspase activation (at least the caspases inhibited byAn early morphological manifestation of apoptosis is
loss in cell volume. Precisely how cells shrink during zVAD) (Figure 5C). The effectiveness of the caspase
Crosstalk between Nitric Oxide and Zinc Pathways
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Figure 4. Phospho-p38 Expression after NO Exposure
(A) Induction of p38 phosphorylation by SNOC (150 M). Total cell extracts were prepared at indicated times after SNOC exposure and
immunoblotted using specific antibodies for phospho-(Tyr 180/Tyr 182)-p38 and total p38 (which remained constant).
(B) Increase in phospho-p38 protein in neurons after SNOC exposure by immunocytochemistry. Neurons were identified by anti-MAP-2 staining.
(C) TPEN (20 nM), BA (50 M), or SOD (50 U/ml) decreased p38 kinase activity in response to SNOC, as indicated by a decrease in ATF-2
substrate phosphorylation. Immunoblots were stripped and reprobed with anti-ATF-2 to confirm that equal amounts of protein were added.
inhibitor was verified by enzymatic assays using fluoro- may account, at least in part, for loss of intracellular K
and cell shrinkage.metric substrates for caspases-3, -8, and -9 (Budd et
al., 2000; Garden et al., 2002).
Since NO/ONOO-induced cell death was preceded Bcl-xL or Dominant-Interfering p38 MAPK
Abolishes NO-Induced Increases in IKby a loss in intracellular K and cell shrinkage, we next
considered whether these events were mediated by en- Bcl-xL is a potent anti-apoptotic member of the Bcl-2
family with a primary site of action at the mitochondrialhanced activation of voltage-gated K channels. Pre-
viously, outward K current via the delayed rectifier K membrane (Gross et al., 1999). Recent reports sug-
gested that Bcl-2 or specific inhibitors of mPT preventchannel (IK) had been implicated in neuronal apoptosis
induced by staurosporine, 	-amyloid peptide, and cera- K efflux triggered by a variety of pro-apoptotic stimuli
(Dallaporta et al., 1998). Therefore, we tested whethermide (reviewed in Yu, 2003). Therefore, in the next series
of experiments we tested if blockade of IK could prevent Bcl-xL could prevent the increase in IK that we observed
after NO exposure. Primary cerebrocortical culturesthe effects of NO-induced neuronal cell shrinkage and
apoptosis. As previously reported, a relatively mild insult were transiently transfected with an enhanced green
fluorescent protein (EGFP) expression vector alone orof NO/ONOO induced apoptotic-like cell death in
cerebrocortical neurons within 12 to 20 hr of exposure EGFP plus Bcl-xL (Figure 6A). After 48 hr, K currents
were monitored by whole-cell recording. In control(Bonfoco et al., 1995; Budd et al., 2000), with earlier cell
shrinkage (Figure 5A). We performed whole-cell re- EGFP-transfected neurons, NO evoked a significant in-
crease in outward K current density, from 34 to 68cordings from these neurons before and 1 to 8 hr after
NO exposure. NO increased K current density. A major pA/pF (Figure 6B). In contrast, overexpression of Bcl-xL
prevented this NO-induced enhancement of K currentcomponent of the sustained K current (in the presence
of Co2 to block Ca2-activated K current) was blocked (Figure 6C).
Since NO/ONOO activates both K current and p38by tetraethylammonium (TEA), characteristic of IK (Figure
5D). TEA decreased both control and NO-enhanced K in neuronal cultures, it is possible that these events are
linked. Thus, we tested whether a dominant-interferingcurrents by approximately 50% (n
6). To quantify these
findings further, we measured K current densities 6 to form of p38 could inhibit NO/ONOO activation of IK.
Wild-type p38 (WT-p38) or a dominant-negative p387 hr after NO exposure versus control (n 
 8). The mean
K current density significantly increased from 50 pA/ (DN-p38) was co-expressed with EGFP. In neurons
transfected with (control) WT-p38, NO evoked an in-pF to 88 pA/pF (Figure 5E). In fact, we detected a graded
increase in IK with time after NO exposure (Figure 5F). crease in outward K current from 40 to 70 pA/pF, com-
parable to the increase observed in neurons transfectedThus, NO enhanced outward K current, and this finding
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Figure 5. NO Evokes Early K Efflux and Activation of K Channels
(A) NO exposure (SNOC, 150 M) at a concentration sufficient to induce later neuronal cell death was associated with early K efflux, membrane
blebbing, and concomitant cell shrinkage, as evidenced by time-lapse deconvolution microscopy with the K-sensitive dye, PBMI-AM (10
M). High intracellular K concentrations are shown in red. The arrow indicates a neuron that subsequently underwent apoptosis. K efflux
started in the processes (top arrow in second image), proceeded to the soma, and correlated with cell shrinkage and membrane blebbing
(top arrow in third image). Over 50 neurons exhibited similar results.
(B) Pretreatment of neurons with MnTBAP (50 M) prevented K efflux after SNOC exposure (arrow, n 
 7).
(C) Caspase inhibition by zVAD-fmk (100 M) did not prevent K efflux (arrow, n 
 10).
(D) NO evokes a TEA-sensitive increase in outward K current density with delayed rectifier characteristics. Representative traces of K
current density (pA/pF) in a control neuron  TEA (20 mM), and in a neuron exposed to SNOC  TEA. During whole-cell recording, stimulation
consisted of 100 ms voltage steps in 20 mV increments from 70 to 70 mV.
(E) K current density in control or SNOC-exposed neurons. Values are mean  SEM (*p  0.05 by Student’s t test).
(F) Time-dependent increase in K current density after SNOC application.
with the EGFP expression vector alone (Figure 6D). In the apoptotic signal transduction cascade triggered by
NO/ONOO, then blocking any of these events shouldneurons expressing DN-p38, NO did not increase K
rescue neurons from cell death. For this reason, prior tocurrent density (Figure 6E). In summary, these data show
NO insult, primary cerebrocortical neurons were treatedthat either prevention of mitochondrial dysfunction via
with TPEN (to chelate Zn2), SOD (to metabolize O2),Bcl-xL or interference with the p38 pathway abrogates
MnTBAP (to scavenge ROS), SB203580 (to inhibit p38the NO-mediated increase in outward K current.
activity), or TEA (to inhibit outward K currents). Each
of these agents attenuated neuronal cell shrinkage and
Zn2 Chelation, ROS Scavengers, mPT Inhibitors, death triggered by NO (Figures 7A and 7B). Caspases
p38 Interference, or K Channel Antagonists have been reported to inhibit many forms of neuronal
Attenuate NO/ONOO-Mediated Neuronal apoptosis, but interestingly, the polycaspase inhibitor
Cell Death zVAD-fmk only partially attenuated NO/ONOO-induced
If, as hypothesized above, release of Zn2 from intracel- neuronal apoptosis, as reported previously (Ghatan et
lular stores and subsequent mitochondrial injury, ROS al., 2000). In addition to shrunken morphology and apo-
production, p38 activation, and enhanced activity of ptosis, neurons exposed to NO exhibited segmented
beading of dendritic processes. Importantly, we foundvoltage-gated K channels constitute critical steps in
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Figure 6. Bcl-xL or DN-p38 Abolishes NO-Induced Increases in K Current Density
(A) Image of EGFP-labeled neurons transfected with pEGFPN1.
(B–E) Representative traces of K current densities in neurons transfected with either pEGFPN1 alone (B), pcDNA3-Bcl-xL-Flag plus pEGFPN1
(C), pcDNA3-WTp38 plus pEGFPN1 (D), or pcDNA3-p38A/F (DN-p38) plus pEGFPN1 (E) before and after 150 M SNOC. Graphs are mean
current densities 7 hr post SNOC exposure (*p  0.05).
that caspase inhibition was unable to prevent this den- Discussion
dritic damage (Figure 7A). Hence, injury to neuronal pro-
cesses appears to be caspase independent under these Intracellular pathways triggered by excessive NO and
Zn2 are thought to contribute to neuronal injury andconditions. Segmental dendritic beading is thought to
be mediated, at least in part, by ionic fluxes such as death during cerebral ischemia (stroke) and in several
neurodegenerative disorders. These effects have beenNa, Cl, and Ca2 (Hasbani et al., 1998).
While SB203580 is a relatively specific inhibitor of p38 studied in vivo in a number of animal models. Several
mechanisms may contribute to neuronal death observedat low micromolar concentrations (Wilson et al., 1997),
no pharmacological agent is perfectly specific. Therefore, after exposure to each of these toxic agents. In the
present study, we used a tissue culture model to eluci-the viability experiments were repeated after transfec-
tion with EGFP/DN-p38 or WT-p38 control constructs, date a novel form of crosstalk between neuronal cell
death pathways induced by NO and Zn2. We also exam-as described above. Forced expression of DN-p38 pro-
tected neurons from NO insult. Having obtained concor- ined the relationship of the signal transduction pathways
to neuronal cell shrinkage. Our data provide evidencedant results with either pharmacological or molecular
interference, our findings suggest that p38 activity is for a cell death pathway in which NO reacts with endoge-
nous O2 to form ONOO, which then mediates the liber-important in this apoptotic pathway (Figures 7C and 7D).
Similarly, we tested the effect of Bcl-xL on NO insults. ation of Zn2 from intracellular stores, such as MT. In
turn, mitochondrial damage, further ROS production,Overexpression of Bcl-xL also conveyed a protective
effect. Additionally, excessive stimulation of NMDARs and subsequent phosphorylation of p38 activate K
channels, with resulting efflux of intracellular K, neu-leads to NO and ONOO formation in neurons (Dawson
et al., 1991; Lipton et al., 1993). Hence, if the postulated ronal cell shrinkage, and eventually apoptotic-like death
(Figure 8). Importantly, endogenous NO produced bypathway to apoptosis is correct, then interference with
Bcl-xL or p38 activity should also attenuate NMDAR- NMDAR activation could also trigger this pathway via
an increase in free Zn2, thus establishing the patho-mediated neuronal apoptosis; indeed, this was found to
be the case (Figure 7E). physiological significance of our findings.
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Figure 7. Attenuation of NO/ONOO-Induced Neuronal Cell Death by K Channel Blockade, Zn2Chelation, Caspase Inhibition, p38 Antagonist,
O2 Catabolism, or Cell Death Inhibitor Bcl-xL
(A) Cortical cultures were pretreated for 2 hr with the respective inhibitor (TEA, 15 mM; TPEN, 5 nM; zVAD-fmk, 100 M; SB203580, 1 M;
SOD, 50 U/ml), exposed to SNOC (200 M), and then 12 hr later, fixed and immunostained with anti-MAP-2 (red) to identify neurons (arrows).
Hoechst 33324 (blue) was included to visualize condensed chromatin in apoptotic neurons.
(B) Percentage of apoptotic neurons after the various treatments. Values are mean  SEM; *significant by ANOVA (SNOCTEA, p  0.01;
SNOCTPEN, p  0.03; SNOCzVAD-fmk, p  0.04; SNOCSB203580, p  0.005; SNOCSOD, p  0.003).
(C) Representative images of cortical neurons expressing EGFP (green), EGFP plus DN-p38, or EGFP plus Bcl-xL 12 hr after SNOC exposure.
Immunostaining with anti-NeuN identified neurons (red). Arrows indicate transfected neurons.
(D) Percentage of apoptotic neurons expressing EGFP, DN-p38, or Bcl-xL 12 hr after SNOC exposure. *Significant versus EGFP/SNOC at p 
0.003 for DN-p38 plus SNOC, and p  0.001 for Bcl-xL plus SNOC.
(E) Percentage of apoptotic neurons expressing EGFP, DN-p38, or Bcl-xL 12 hr after exposure to 50 M NMDA. *Significant versus NMDA/
EGFP at p  0.002 for DN-p38 plus NMDA, and p  0.004 for Bcl-xL plus NMDA.
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Figure 8. Model of NMDA and NO/ONOO-
Induced Cell Death
Overstimulation of NMDARs leads to rapid
influx of Ca2 that in turn activates nNOS and
results in NO production. NO then reacts with
endogenous ROS to form neurotoxic ONOO,
which liberates Zn2 from MT (this event can
be observed within 10 min of the initial insult).
Free cytoplasmic Zn2 then has profound ef-
fects on mitochondrial function, leading to
mPT, respiratory block, release of pro-apo-
ptotic factors (including cytochrome c), dissi-
pation of m, and further ROS production.
O2 produced by mitochondria reacts with
NO to produce more ONOO, which triggers
the oxidation and autoactivation of p38 (this
event can be observed as early at 15 min post
insult and continues for a few hours). p38
directly or indirectly activates voltage-gated
K channels, subsequent K efflux, and cell
volume loss, leading to the progression of the
cell death program.
An increase in intracellular Zn2 levels has been ob- to oxidize Zn2-sulfur bridges in MT leading to Zn2
release (Berendji et al., 1997; Cuajuangco and Lees,served during ischemia, prolonged seizures, and brain
injuries (Choi et al., 1988; Koh and Choi, 1994; Koh et 1998; Aravindakumar et al., 1999; Maret and Vallee,
1998). Further support for this notion is provided by theal., 1996; Weiss et al., 2000). However, the predominant
mechanism(s) accounting for the rise in intracellular Zn2 observation that overexpression of MT-III (the predomi-
nant form of metallothionein in neurons) prevented glu-is still unclear. Zn2 can be released from presynaptic
vesicles and subsequently cross the plasma membrane tamate- and NO-induced neuronal cell death (Montoliu
et al., 2000).into postsynaptic neurons from the extracellular space
via voltage-dependent Ca2 channels, transport ex- How does Zn2 contribute to cell death? There may
be several mechanisms. Increasing evidence suggestschange with intracellular Na, and especially through
Ca2-permeable -amino-3-hydroxy-5-methyl-4-isoxa- that one of the neurotoxic actions of Zn2 involves mito-
chondrial dysfunction (Sensi et al., 1999, 2003; Jiang etzolepropionic acid (AMPA) receptor-operated channels
(Sensi et al., 1999; Weiss et al., 2000; Suh et al., 2000). al., 2001). In the present study, after exposure of neurons
to NO, we observed a punctate pattern of staining withData presented in this study, however, provide yet an-
other mechanistic explanation for the accumulation of Newport green or Rhod-Zin3 that overlapped with
TMRM labeling, indicating a mitochondrial localizationintracellular Zn2 during brain insult.
We show here that exposure of primary cerebrocorti- of Zn2. Furthermore, in neurons undergoing apoptosis,
Zn2 release correlated with dissipation ofm. To inves-cal neurons to NO evoked the liberation of free Zn2
from intracellular stores. The fact that MnTBAP and tigate more directly the effects of Zn2 on mitochondria,
we employed a cell-free system of isolated mitochon-SOD, which scavenge or metabolize O2, blocked this
event suggests that endogenous formation of ONOO, dria. Remarkably, Zn2 at low concentrations was able
to block mitochondrial respiration. This finding is inrather than NO itself, is responsible for the increase in
intracellular Zn2. Notably, chelation of extracellular agreement with earlier observations that Zn2 is a potent
inhibitor of respiratory complex I and other mitochon-Zn2 by Ca2-EDTA was ineffective in preventing the
rise in free intracellular Zn2. These results are also con- drial targets (Skulachev et al., 1967; Brown et al., 2000).
Moreover, we show that Zn2, similar to Ca2, can inducesistent with a recent report by Aizenman and colleagues
demonstrating that 2,2dithiodioyridine (DTDP), an ex- mitochondrial permeability transition (mPT) with charac-
teristic matrix swelling. Also, Zn2 evoked cytochromeogenous oxidizing agent, induced Zn2 release from in-
tracellular stores and subsequent apoptosis (Aizenman c release from isolated mitochondria, consistent with
reports that Zn2 induces cytochrome c release fromet al., 2000). It could be argued that an increase in Zn2
is a consequence of NMDA- or NO-induced neuronal mitochondria in intact neurons (Jiang et al., 2001). In
addition to Zn2, NO/ONOO may directly inhibit mito-cell death and that Zn2 is not directly involved in the
cell death pathway. However, we also show here that chondrial respiration, induce mPT, and contribute to
neuronal cell death by initiating a number of signalingTPEN, a Zn2 chelator, provided substantial protection
from both NMDA- and NO-induced neuronal apoptosis, pathways (Radi et al., 1994; Brorson et al., 1999; Riobo
et al., 2001). The data presented here, however, arguemaking this alternative explanation less likely.
From which intracellular stores is Zn2 released? MT strongly that Zn2 is an important component of the NO/
ONOO-mediated neuronal cell death pathway for atis the major Zn2 reservoir in cells and is a likely candi-
date for Zn2 release. In fact, ONOO has been shown least two reasons. First, low concentrations of Zn2 di-
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rectly inhibited mitochondrial respiration. Second, the Zn2 current induced by the exogenous oxidizing agent DTDP
chelator, TPEN, largely blocked NO/ONOO-induced mi- is inhibited by SB239063, a relatively specific inhibitor
tochondrial ROS production and subsequent neuronal of p38 (McLaughlin et al., 2001). Further experiments
death. A potential caveat is that TPEN could conceivably on recombinant channels will be required to elucidate
bind other toxic metals, such as Fe2. However, the fact whether p38 directly or indirectly regulates the activity
that ONOO increased intracellular Zn2, as reflected of IK in neurons.
by Newport green, TSQ, and Rhod-Zin3 fluorescence, Interestingly, the NO-induced cell shrinkage, neurite
and TPEN reversed the effects of ONOO makes this injury, and apoptotic neuronal death observed here were
alternative less likely. only partially blocked by the broad-spectrum caspase
How can the triad of NO, Zn2, and ROS contribute to inhibitor, zVAD-fmk. Previously, we had shown that one
neuronal shrinkage during apoptosis? Work by several pathway to neuronal apoptosis mediated by p38 (and
groups has suggested that a decrease in cell size, medi- the transcription factor MEF2) is caspase dependent
ated in part by K efflux, is an early event in cell death (Okamoto et al., 2002). However, the present study dem-
(Yu, 2003; Gomez-Angelats et al., 2000). Additionally, onstrates that this same caspase inhibitor has little or
Na and Cl efflux are critical for osmotic shrinkage no effect on K efflux in the paradigm studied here,
(Bortner et al., 1997; Maeno et al., 2000). Alterations in indicating that the Zn2-NO/ONOO-p38 triggered K
ionic concentrations may also enhance protein-protein channel pathway appears not to be caspase dependent
interactions of cell death complexes and activity of apo- (at least for caspases inhibited by zVAD, including cas-
ptotic enzymes. Here we investigated the movement of pases-3, -8, and -9). Taken together, we would expect
K in neurons using patch-clamp recording and PBFI- that the overall apoptotic cell death mechanisms trig-
AM, a K-selective fluorescent probe. K efflux in re- gered by p38 activation in neurons would be only par-
sponse to NO was inhibited by MnTBAP, consistent with tially ameliorated by caspase inhibition, as indeed seen
the notion that ONOO was responsible for the efflux. in the present experiments. This finding also makes
K loss first occurred in proximal regions of neurites sense in light of the fact that NO and Zn2 have pre-
prior to any sign of cell death, and then proceeded into viously been shown to inhibit caspase activity (Dimmeler
the soma with concomitant cell shrinkage and plasma et al., 1997; Melino et al., 1997; Stennicke and Salvesen,
membrane blebbing. 1997; Tenneti et al., 1997; Aiuchi et al., 1998; Mannick
What mediates the early loss of intracellular K during et al., 1999), and yet, as shown here, they still contribute
apoptosis? We found that NO/ONOO-induced cell to cell death via the p38 pathway.
death is decreased by TEA, which under our conditions In summary, in primary neurons we characterize in a
predominantly inhibits the delayed rectifier current (IK), step-by-step fashion a chain of events resulting from
suggesting that K efflux occurs via IK channels. In crosstalk between NO- and Zn2-induced cell death
agreement with this formulation, other oxidants were pathways. We propose that NO/ONOO triggers release
recently shown to activate Kv2.1 K channels, contribut- of intracellular Zn2, mitochondrial injury, further ONOO
ing to neuronal death (Pal et al., 2003). Additionally, formation, p38 phosphorylation, voltage-gated potas-
we show that Bcl-xL attenuates NO/ONOO-induced K sium channel activation, K efflux, cell shrinkage, and
efflux. Bcl-2 family members are known to prevent mPT, eventually apoptotic-like death. Findings in the present
m loss, ROS production, release of proapoptotic fac- study may provide clues for development of new drug
tors from mitochondria, and NO-induced cell death targets that mitigate neuronal cell loss during neuro-
(Bonfoco et al., 1996; Gross et al., 1999; Kroemer and degeneration.
Reed, 2000). Thus, a likely interpretation why Bcl-xL
blocks the NO-induced increase in outward K current Experimental Procedures
is that it prevents mitochondrial damage, endogenous
Primary Cerebrocortical CulturesROS production, and subsequent ONOO formation. In
Primary neurons were cultured as previously described (Digicayli-contrast, as discussed above, mitochondrial dysfunction
oglu and Lipton, 2001). In brief, the cerebrocortex of Sprague-Daw-engendered by intracellular Zn2 amplifies the production
ley rat embryos at day 15–16 of gestation was digested with 0.5of ROS and hence the generation of ONOO following NO mg/ml trypsin in Earle’s Balanced Salt Solution (EBSS) for 2 hr at
insult, and thus enhances K efflux triggered by ONOO. 37C and 5% CO2 and plated on poly-L-lysine (30–70 kDa, Sigma)-
Additionally, data presented here suggest that a link coated glass coverslips or plastic culture dishes at a density of 1 
between mitochondrial dysfunction and Kchannel acti- 106 cells/ml in high glucose Dulbecco’s Minimum Essential Medium
(DMEM) supplemented with 10% bovine calf serum, 25 mM HEPESvation is stress-activated p38 MAPK. p38 can be acti-
(pH 7.4), 25 U/ml penicillin, 25 mg/ml streptomycin, and 2 mM gluta-vated by oxidative or nitrosative stress (Schieke et al.,
mine. These mixed neuronal/glial cultures were used for experi-1999). We show that ROS scavengers prevent NO-
ments on day 17–22 in vitro. Neurons were identified by staining
induced p38 activation, implicating ONOO as the activat- with anti-MAP-2 (1:100; Sigma) or anti-NeuN (1:100; Chemicon) (Dig-
ing species. Additionally, ameliorating mitochondrial dam- icaylioglu and Lipton, 2001; Okamoto et al., 2002). Unless otherwise
age with mPT inhibitors blocked NO/ONOO-induced p38 stated, each experiment described below was repeated at least
activation. Moreover, we show that a dominant interfer- three times, and 100 neurons were scored for each condition on
triplicate coverslips.ing form of p38 prevents NO/ONOO-induced increases
in K current and subsequent neuronal apoptosis, con-
Measurement of Free Intracellular Zn2 and msistent with the notion that activated p38 is critical for
To monitor the release of free intracellular Zn2, m, and nuclearthese events during cell death. Several reports have morphology, neurons were incubated in imaging buffer (120 mM
suggested that voltage-gated K channels are regulated NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 20 mM HEPES, 15 mM glucose,
by phosphorylation such as that mediated by p38 (Ad- 1.8 mM CaCl2, 0.2% pluronic at pH 7.4) containing Newport green
(0.5 M; Molecular Probes), TMRM (20–40 nM), and Hoechst dyeams et al., 2000), and previous work has shown that K
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33342 (10 g/ml) at 37C and 5% CO2 for 15 min. Additional Zn2 (Invitrogen) were incubated with each coverslip overnight in 24-well
plates. Neuronal transfection efficiency was 20%. A p38 expres-measurements were made with Rhod-Zin3 (Molecular Probes). In
this case, cultures were incubated with imaging buffer containing sion vector (pcDNA3-WT p38 or pcDNA3-DN p38A/F, 0.75 g) or a
Bcl-xL expression vector (pcDNA3-Bcl-xL-Flag, 0.75 g) plus anRhod-Zin3 AM (4 M) at room temperature (RT) for 30 min. Fluores-
cence intensity was monitored in response to 50–200 M SNOC or EGFP expression vector (pEGFPN1, 0.25 g) were cotransfected.
NMDA. Z-stacks were acquired using a deconvolution microscope
and excitation/emission filter sets of 490/528 nm for Newport green; Isolated Mitochondria
565/617 nm for TMRM or Rhod-Zin3; and 360/457 nm for Hoechst Liver mitochondria were isolated with a Teflon glass Dounce at 4C,
33342. Images were deconvolved (subtraction factor 0.7) using as previously described (Budd et al., 2000; Bossy-Wetzel and Green,
SlideBook software (Intelligent Imaging Innovations). 2000). Briefly, homogenates were cleared by centrifugation at 600
g for 10 min. Supernatants containing mitochondria were then cen-
trifuged at 5500  g for 15 min, and mitochondrial pellets wereAssessment of Neuronal Apoptosis
resuspended in 1 ml storage buffer (220 mM mannitol, 68 mM su-Cerebrocortical cultures were pretreated with various agents for 2
crose, 10 mM KCl, 2 mM H2PO4, 5 mM MgCl2, 10 mM EGTA, 5 mMhr (broad spectrum caspase inhibitor, N-benzyloxycarbonyl-Val-Ala-
HEPES, and 0.1% fatty-acid free BSA [Calbiochem] at pH 7.2).Asp-fluoromethylketone (zVAD-fmk), Biomol; Zn2 chelator, TPEN;
p38 inhibitor, SB203580; mPT antagonist, cyclosporine A or bong-
Measurement of Mitochondrial ROS Productionkrekic acid; ROS scavenger, MnTBAP; or enzyme metabolizing O2,
The generation of ROS in intact neurons was monitored by conver-SOD, Calbiochem). The cultures were then exposed to NMDA (50–
sion of hydroethidine to ethidine as described previously (Bindokas150 M), freshly prepared SNOC (150–200 M), or aged SNOC (as
et al., 1996). To measure ROS production of isolated mitochondria,a control). After 4–20 hr, the cells were fixed with 4% paraformalde-
the Amplex Red Assay Kit (Molecular Probes) was used. Mitochon-hyde in PBS and permeabilized with 0.1% Triton X-100. After
dria were isolated and resuspended at a final protein concentrationblocking nonspecific binding with PBS plus 3% BSA and 3% fetal
of 0.05 mg/ml in a reaction buffer containing 125 mM KCl, 2 mMbovine serum, the cells were incubated with antibodies to identify
KH2PO4, 5 mM MgCl2, 10 mM EGTA, and 5 mM HEPES (pH 7.2). Toneurons (anti-MAP-2 or anti-NeuN) followed by secondary Alexa
measure H2O2 generation, 4–20 M Amplex Red, 1 U/ml horseradishFluor 594 goat anti-mouse antibodies (1:100; Molecular Probes). In
peroxidase, 5 mM malate, and 5 mM glutamate were added. Amplexthe last wash step, Hoechst 33324 (1 g/ml) was added to allow
Red fluorescence was monitored at RT using a Fluoromax-2 fluo-assessment of nuclear morphology.
rometer and excitation/emission filters of 560/590 nm.
Time-Lapse Video Deconvolution Microscopy
Measurement of Oxygen ConsumptionTo monitor the movement of K, cerebrocortical neurons were
Mitochondria (1 mg/ml) were diluted in respiration buffer (100 mMloaded with the K-sensitive ratiometric dye PBFI-AM (10 M; Mo-
KCl, 5 mM K-TES (N-tris[hdroxymethyl]methyl-2-aminoethanesul-lecular Probes) in cell imaging buffer. After 1 hr, the dye was removed
fonic acid), 10 mM HEPES, 2.0 mM MgCl2, 5 mM K2HPO4, and 0.5and replaced by fresh prewarmed imaging buffer. SNOC-exposed
mg/ml fatty-acid free BSA at pH 7.0). Oxygen consumption wascells were placed on a heated stage at 37C, and 300 3D images
measured using a Clark electrode in the presence of succinate (5were captured at 60–120 s time intervals under deconvolution fluo-
mM) after the addition of ADP (200 nM) to initiate state 3 respiration,rescence microscopy and analyzed with SlideBook software. The
as previously detailed (Budd et al., 2000).ratio of emitted fluorescence intensity of PBFI was monitored at
500 nm after excitation at 340 and 380 nm. The image series was
Mitochondrial Swelling Assay and EM Tomographyconverted into movies using MarcoMedia Director 8 software.
Mitochondria (1 mg/ml) in resuspension buffer were exposed to
increasing concentrations of ZnCl2, CaCl2, or control solutions lack-Immunoblotting for Phospho-p38 and Assaying p38 Activity
ing these divalent ions. Mitochondrial swelling was monitored byNeuronal cultures were lysed in buffer (20 mM Tris-Cl, 150 mM
an increase in light scattering at an absorbance of 520 nm using aNaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
spectrophotometer (Budd et al., 2000). EM tomography of isolatedpyrophosphate, 1 mM glycerol phosphate, 1 mM Na3VO4, with com-
mitochondria was performed as previously described (Perkins etplete protease inhibitors). Proteins were separated on NuPAGE 4%–
al., 1997).20% tris-glycine gradient gels (Invitrogen) and transferred onto Hy-
bond-ECL nitrocellulose membrane (0.45 M). Immunoblots were
Acknowledgmentsincubated in blocking solution (5% horse serum, 5% BSA, 0.1%
Tween-20, PBS plus Na3VO4) for 3–4 hr, and then overnight at 4C
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3D imaging, and J.H. Weiss and S.L. Sensi for the gift of the Rhod-incubated with secondary anti-rabbit HRP antibodies (1:1000, Amer-
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NS14718 (to M.H.E.), and P01 HD29587, R01 EY05477, R01 EY09024,stripped and reprobed with anti-p38 antibodies (1:1000, Cell Signal-
and R01 NS41207 (to S.A.L.).ing) to assess the total p38. Phosphorylation of ATF as an indication
of p38 activity was assayed in triplicate experiments following the
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